We study the production and polarization of J/ψ mesons within a jet in proton-proton collisions at the LHC. We define the J/ψ-jet fragmentation function as a ratio of differential jet cross sections with and without the reconstructed J/ψ in the jet. We demonstrate that this is a very useful observable to help explore the J/ψ production mechanism, and to differentiate between different NRQCD global fits based on inclusive J/ψ cross sections. Furthermore, we propose to measure the polarization of J/ψ mesons inside the jet, which can provide even more stringent constraints for the heavy quarkonium production mechanism.
Introduction.
Understanding the J/ψ production mechanism is one of the most active and challenging subjects in strong interaction physics [1, 2] . The most common approach to calculating the J/ψ production cross section in hadronic collisions is the non-relativistic QCD (NRQCD) factorization formalism [3] . In this approach, the heavy quark and anti-quark pair, QQ, is produced at short-distance which can be calculated perturbatively due to the large heavy quark masses. Such a QQ state will then hadronize into a physical J/ψ meson. This transition is non-perturbative, but it can be characterized through a set of universal NRQCD long-distance matrix elements (LDMEs). Global analyses of the world's data on J/ψ production with next-to-leading order (NLO) calculations in powers of strong coupling constant α s have been performed by several groups [4] [5] [6] [7] [8] . Even though all these groups can describe the inclusive J/ψ production cross section, i.e., the p T spectrum, they have not been able to fully explain the polarization of high-p T heavy quarkonia produced at the Tevatron [9] [10] [11] [12] and the LHC [13, 14] . Despite numerous attempts made in the past, the J/ψ polarization remains a puzzle.
In this Letter we explore novel opportunities to further study the J/ψ production mechanism and the J/ψ polarization by using the longitudinal momentum distribution of J/ψ mesons inside a fully reconstructed jet. The corresponding observable where a specific hadron is identified inside a jet is generically called the jet fragmentation function [15, 16] . Experimentally, the distributions of hadrons inside jets have been measured at the LHC for light hadrons [17, 18] , heavy mesons [19] , and more recently, for J/ψ mesons [20] . In particular, measuring the distribution of J/ψ mesons inside jets is an exciting opportunity for the following reasons. In comparison with the inclusive J/ψ cross section, i.e., the p T spectrum, the distribution inside the jet probes the J/ψ fragmentation function at a more differential level. Therefore, it should be possible to reveal detailed information about the nonperturbative hadronization process, which in turn should lead to new insights about the J/ψ production mechanism. The idea to measure J/ψ mesons inside jets was first proposed in [21] in the context of exclusive n-jet processes. See also [22, 23] . In this work, we perform the calculation of J/ψ mesons in jets where the observable is defined to be inclusive over the entire final state except for the observed jet [24] [25] [26] [27] . These types of (semi-) inclusive observables are easily accessible by the experiments and a direct comparison between theory and data is possible. The framework used in this work was derived within Soft Collinear Effective Theory (SCET) [28] [29] [30] [31] [32] and allows for the resummation of single logarithms in the jet size parameter R. In addition, we propose in this Letter for the first time to measure the polarization of J/ψ mesons inside jets. From our numerical analysis presented below, we find that this observable has even more discriminative power than the unpolarized cross section.
Definition and factorization. The distribution of J/ψ mesons within a fully reconstructed jet in protonproton collisions, p + p → (jet J/ψ) + X, is described by the so-called jet fragmentation function, denoted as F J/ψ (z h , p T ) which is defined as
where we suppressed the η-dependence in F J/ψ (z h , p T ). The numerator and denominator are the differential cross sections of jets with and without the reconstruction of the J/ψ in the jet, while η and p T are the jet rapidity and transverse momentum, respectively. Furthermore, carried by the J/ψ. The plus momentum is defined for any four vector v µ as v + = v 0 + v z in a frame where the "z"-axis is along the jet direction. The factorized form of the differential cross section for J/ψ production within a jet is given by [24, 26] dσ J/ψ dp T dηdz h = a,b,c
Here ⊗ denote convolution products over the partonic momentum fractions, a,b,c represents the sum over all relevant partonic channels, and we have suppressed the arguments of the various functions for simplicity. See [26] for more details. The f a,b represent the parton distribution functions and H c ab are the hard functions [33] . The G J/ψ c (z, z h , p + jet R, µ) are the semi-inclusive fragmenting jet functions (siFJFs), which describe the fragmentation of a J/ψ meson inside a jet with radius R. The jet is initiated by a parton c and carries a momentum fraction z = p + jet /p + c of the outgoing parton. Note that we consider a cross section that is inclusive about the everything else in the final state besides the identified jet and its substructure [24, 25] .
The siFJFs follow time-like DGLAP evolution equations, the same as those for the usual fragmentation functions which describe the transition of a final state parton into a specific observed hadron [26] . By evolving the siFJFs through the DGLAP equations from their characteristic scale to the hard scale µ ∼ p T , one can perform ln R resummation for narrow jets. At the same time, the siFJFs describe the distribution of hadrons inside the jet, and, thus, contain important information about the hadronization of J/ψ. In particular, G J/ψ i can be expanded in terms of J/ψ fragmentation functions (FFs) as follows:
The coefficients J ij were derived in [26] , where it was also shown that the natural matching scale should be µ G ∼ p T R. Within the NRQCD formalism, the J/ψ FFs can be further factorized at an initial scale µ 0 ∼ m J/ψ with the following form
where the summation runs over all intermediate non-
, with superscript [1] (or [8] ) denoting color singlet (or octet) state. The functionsd i→[QQ(n)] are the short-distance coefficients and are perturbatively calculable within NRQCD, and have been derived in the past, see, e.g., Refs. [34, 35] . On the other hand, O
are the non-perturbative NRQCD LDMEs. We use the calculated J/ψ FFs at an initial scale µ = 3m c , and evolve them to the scale µ G = p T R to be used in Eq. (3).
J/ψ polarization in the jet. Besides measuring the J/ψ distribution in the jet, one can study the polarization of the produced J/ψ. The polarization can be determined analogously to single inclusive J/ψ production, e.g., by measuring the angular distribution of the decay lepton pair + − in the so-called helicity frame [36] ,
Here, λ F denotes the J/ψ polarization measured in a jet, and λ F = 1(−1) corresponds to a purely transversely (longitudinally) polarized J/ψ. Based on the factorization formalism in Eq. (2), λ F can be computed as follows:
where
T,L are the jet fragmentation functions for producing a J/ψ with transverse (or longitudinal) polarization. The total unpolarized jet fragmentation function is given by:
. Since the J/ψ polarization is taken into account by the corresponding fragmentation functions, the F 
. (7) The polarized short-distance coefficients for the states 3 S 1 FF to next-to-leading order is computed in [39] , while the polarized short-distance coefficients for g → 3 S
[1]
1 were calculated in [40] which first appear at order α 3 s . Phenomenology at the LHC. We now present calculations for the J/ψ production and polarization within a fully reconstructed jet in proton-proton collisions at the LHC. We choose a center-of-mass energy of √ s = 7
TeV, and assume that the jets are reconstructed through the anti-k T algorithm with a jet radius of R = 0.6. For J/ψ production, we include all the relevant states:
J . Thus, the results will depend on four NRQCD LDMEs: 1 state is assumed to be small and excluded from the fit.
In Fig. 1 , we plot the jet fragmentation function mentation function in Fig. 1 , evaluated with the LDMEs from different groups, precisely demonstrates that the J/ψ inclusive p T -spectrum, as an inclusive observable, does not have the discriminative power to fully constrain the four relevant NRQCD LDMEs. However, as a more differential observable (in z h ), the J/ψ-jet fragmentation function is a much more sensitive probe of these NRQCD LDMEs. The fact that the experimental measurements on the J/ψ-jet fragmentation function at the LHC have already begun [20] is very encouraging. 
The polarization of J/ψ mesons in the jet (λF ) plotted as a function of z h . The jet pT is integrated from 50 to 100 GeV.
To further explore the discriminative power of the J/ψ distribution in the jet, we study the polarization of J/ψ mesons in the jet, i.e., the observable λ F as defined in Eq. (6). In Fig. 2 , we show the result for λ F as a function of z h , where the jet p T is integrated over the interval of [50, 100] GeV. Again the parametrizations of different groups lead to distinctive predictions for the J/ψ polarization in the jet. For example, the Gong parametrization gives a transverse polarization λ F > 0 at small z h < ∼ 0.4, which then becomes a longitudinal polarization λ F < 0 at large z h . On the other hand, all three other parametrizations lead to a transverse polarization λ F > 0 at large z h , while the polarizations differ at small z h with very different magnitudes from that of the Gong parametrization.
This vast difference shows once again the great discriminative power of J/ψ-jet fragmentation functions, which is extremely good in terms of verifying NRQCD factorization formalism and constraining NRQCD LDMEs. It is instructive to emphasize that all the LDMEs were obtained so far by fitting only the data from the inclusive J/ψ cross sections, and some of the fits need major cancellations between the production channels with different LDMEs. It is, then, entirely possible that the J/ψ fragmentation functions which are expressed in terms of the same LDMEs, but with a very different combination of perturbative coefficients, can be negative or unphysical. The major cancellation obtained when fitting the p T distribution may not be satisfied when evaluating the J/ψ fragmentation functions. This explains why we find |λ F | > 1 when using the LDMEs of one particular fit at certain values of z h in Fig. 2 . In this sense, the J/ψ-jet fragmentation functions can clearly lead to more stringent constraints on the LDMEs. In fact, one can even combine the usual J/ψ p T -spectrum data with the J/ψ-jet fragmentation function data to perform a joint global fit to extract NRQCD LDMEs. Such a global fit is expected to give much better constrained LDMEs, which would lead to more accurate information on heavy quarkonium formation.
To end this part, we discuss how our theoretical calculations with the existing LDMEs have resulted in the λ F as shown in Fig. 2 . The polarization λ F of a physical J/ψ is determined by the relative size of LDMEs, as well as the polarization properties for producing the four corresponding partonic [QQ(n)] states, which are determined by the perturbative coefficientsd
in Eq. (7). For these four relevant partonic [QQ(n)] states, we have: (1) 1 S [8] 0 with J = 0 has no polarization preference. (2) the 3 S [1] 1 channel has a small preference toward a transverse polarization from our calculation. (3) 3 S
[8]
1 has a strong preference toward a transverse polarization in the large z h region due to the contribution ∼ δ(1 − z h ) from the g → cc fragmentation process. However, it leads to a longitudinal polarization in the small z h region due to DGLAP evolution. (4) The 3 P
J contribution tends to have a longitudinal polarization.
With the knowledge of the polarization properties for producing the four partonic [QQ(n)] states, given above, and the numerical values of the LDMEs summarized in Table. I, we are able to achieve a qualitative understanding of λ F for the production of the hadronic J/ψ state in Fig. 2 . Taking the Butenschoen LDMEs as an example, in Fig. 3 , we plot the individual contributions to λ F from different channels:
J . Since the parametrization by Butenschoen has a positive value for the O( 3 S 8] 1 ) LDME, we obtain a transverse polarization (λ F > 0) for almost all values of z h , while it turns into a longitudinal polarization (λ F < 0) at small z h , consistent with the polarization properties of producing the partonic QQ( 3 S
1 ) state. On the other hand, a negative O( 3 P [8] 0 ) , leads to a transverse polarization for the physical J/ψ production (λ F > 0), which is opposite to the polarization contribution of producing the partonic QQ( 3 P contributions at large and small z h , respectively. The results for the other parametrizations in Fig. 2 can be understood in a similar way.
This detailed analysis shows that the behavior and size of λ F in different z h regions is very sensitive to the shortdistance coefficients as well as the different values of the LDMEs. Future measurements of the production and polarization of J/ψ mesons inside the jet will be very valu- J   FIG. 3 . The contributions to λF from different channels:
are plotted as a function of z h . The NRQCD LDMEs are taken from Butenschoen et.al. [4] .
able to constrain the NRQCD formalism and LDMEs, and in turn provide unique information on the heavy quarkonium production mechanism.
Conclusions. In this Letter, we studied the distribution and polarization of J/ψ mesons within a jet in proton-proton collisions at the LHC. Using a recently developed factorized formalism within SCET, we performed the resummation of single logarithms of the jet radius parameter R up to next-to-leading logarithmic accuracy for the J/ψ distribution inside jets at LHC energies. We found that the NRQCD long-distance matrix elements extracted from a global analysis by four different groups lead to very different predictions for the J/ψ distribution inside the jet. Even though the parametrization of these four groups all describe the inclusive J/ψ cross section, the predicted J/ψ distribution inside the jet can differ by an order of magnitude for certain z h regions. We further defined an observable λ F which gives the polarization of J/ψ mesons in the jet. We found that this observable leads to even more discriminative power and thus, it can provide better constraints for the LDMEs in global fits and more accurate information on the non-perturbative formation of heavy quarkonia. A complimentary study in [41] provided similar conclusions. We encourage the experimentalists to perform such measurements at the LHC and RHIC. We expect that these new observables will shed new light on the J/ψ production mechanism, and could likely lead to the eventual resolution of the J/ψ polarization puzzle.
We 
